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EFFECTS OF CAPPING MATERIAL ON LONGEVITY OF DEGRADABLE 
CONTAMINANTS IN SEDIMENTS 
 
 
Sediments impacted by petroleum are an emerging concern. Sediments can become contaminated 
with petroleum due to stormwater runoff, industrial spills, or subsurface releases. Common 
remediation approaches to impacted sediments include installing sorptive caps, like OrganoClay 
Reactive Core Mats (OC RCMs) and Activated Carbon Reactive Core Mats (AC RCMs), to 
protect the surface water from contamination. Sorption-based approaches are well suited for sites 
impacted with persistent, stable contaminants like metals or polychlorinated biphenyls (PCBs), 
but may not be a fit for petroleum hydrocarbons. Current sorptive remediation strategies often 
fail to exploit the potential for aerobic degradation of petroleum hydrocarbons. The motivation 
for this thesis was founded on valuing sustainable remediation, having an awareness of the diverse 
and complex nature of aquatic sediments, and the concern that existing sediment remedies were 
not leveraging the potential for aerobic degradation at groundwater-surface water interfaces. 
Herein, the Oleophilic BioBarrier (OBB) studied by Chalfant (2015) is considered as an 
alternative capping material and is examined alongside commonly used products in a series of 
laboratory studies and modeling efforts to elucidate the importance of material selection. The 
primary objectives were to better-characterize cap materials and determine how petroleum 
hydrocarbon longevity and underlying sediments are impacted by capping condition.  
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Relative retention capacity of capping materials was observed through a non-aqueous phase liquid 
(NAPL) column study using commercially available diesel fuel. A series of eight columns were 
loaded with porous media and capped. Diesel was injected at 5 mL/day for 15 days and time to 
breakthrough into the surface water was monitored. The OC RCM + sand cap was the most 
effective at preventing diesel breakthrough into the overlying surface water; however, each 
capping condition led to breakthrough within 15 days, showing that absent degradation and in the 
presence of a constant source, each capping condition considered will fail. Additionally, diesel 
transport followed preferential flow paths indicating the potential for premature cap failure as the 
sorptive material is loaded at discrete “hot spots,” possibly leaving some regions of the cap 
underutilized.  
A more extensive column study was conducted using tidal river sediments from an impacted field 
site. Sediments were homogenized, spiked with benzene, toluene, ethylbenzene, and xylenes 
(BTEX), loaded into eight columns, and capped. Data from monitoring benzene concentrations 
in porewater over four months was largely inconclusive despite a general trend of concentration 
decrease over time. Data collection concluded with a frozen column analysis in which “hockey 
pucks” were cut from caps and sediments. Total benzene concentration data from hockey puck 
sampling indicated caps had the largest influence within the first 10 cm of sediment. Total 
benzene concentrations deeper within sediments did not appear to be impacted by capping 
conditions. Additionally, hockey puck analysis showed methane was generated in all columns, 
suggesting methanogenic processes dominated due to oxygen delivery through diffusion being 
insufficient for maintaining aerobic conditions. 
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Sorption studies were conducted to generate isotherms and advance characterization of cap 
materials. Sorption studies were performed in triplicate over 10 initial aqueous phase benzene 
concentrations ranging from 9 mg/L to 720 mg/L. Langmuir isotherms for aqueous phase benzene 
sorption were determined for the OBB, the OC RCM, and the AC RCM. As expected, the AC 
RCM was found to have the greatest sorptive capacity. The maximum achievable sorbed 
concentration Cs,max and the equilibrium constant KL were calculated for each of the cap materials 
and used as inputs for modeling efforts.  
A one-dimensional, numerical cap and sediment model (CapSim 3.2a, Reible Research Group, 
Texas Tech University) was used to distinguish the impact of incorporating benzene sorption 
and/or biodegradation reactions into simulations. Modeling was also used to examine impacts of 
capping conditions at extended lengths of time. Sorption was shown to have a greater impact than 
degradation on benzene porewater concentrations in the short term, particularly for AC RCM 
capped sediments. Conversely, biodegradation reactions are more influential in the long term. 
Modeling results demonstrate the relevance of oxygen delivery for managing petroleum-impacted 
sediments. Modeling also indicated that aerobic benzene degradation is a diffusion-limited 
reaction, highlighting the relevance of oxygen delivery in sediment remediation of petroleum 
hydrocarbons.  
Overall, the laboratory studies and modeling efforts were initiated with the hope of distinguishing 
cap materials based on their capacities for preventing surface water contamination and for 
promoting natural attenuation of petroleum hydrocarbons. Although some differences were 
observed between cap materials, results herein are largely inconclusive regarding the impact 
individual capping materials have on underlying sediments. Rather, more generalized 
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observations of sediment capping surfaced. For instance, due to the limitation of oxygen diffusion 
observed under no-flow conditions, tidal oscillations likely have a larger role in oxygen delivery 
and contaminant longevity than previously acknowledged. Additionally, in general, sorption is 
impactful in the short term, but degradation reactions generally drive benzene concentrations 
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Managing sediments impacted by petroleum is an emerging area of concern. As an example, in 
2015, the State of New Jersey settled a lawsuit with a major oil company for $225 million for 
environmental impacts near the Bayonne refinery. In 2015, 7.1 billion barrels, or 298 billion 
gallons, of petroleum products were consumed in the United States (U.S. EIA, 2016). Meeting 
this demand necessitates extraction, refinement, transportation, and storage of petroleum 
hydrocarbons, which can result in accidental releases to the environment. Releases near 
groundwater-surface water interfaces may impact sediments and compromise surface water 
quality. Further, management strategies for impacted sediments are complicated by tidal 
fluctuations, erosion, deposition, bioturbation, hyporheic exchange, and ebullition processes at 
groundwater-surface water interfaces.  
Common remediation approaches for impacted sediments include installing sorptive caps to 
protect the surface water from contamination. Sorptive-based approaches are well suited for sites 
impacted with persistent, stable contaminants like metals or polychlorinated biphenyls (PCBs). 
However, groundwater-surface water interfaces are often comprised of biologically diverse, 
aerobic environments, which can aid in natural attenuation of petroleum hydrocarbons (Glud, 
2008; Neill et al, 2014).  
Unfortunately, current remediation strategies often fail to exploit the option for aerobic 
degradation by relying on dredging and capping of impacted sediment with sorptive materials. 
These practices are costly and prone to failure, motivating the pursuit for cost-effective, 
sustainable solutions for managing risks to human health and the environment. Laboratory and 
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modeling efforts focus primarily on benzene due to its relatively high solubility and toxicity. 
Herein, the Oleophilic BioBarrier (OBB) studied by Chalfant (2015) is considered as an 
alternative capping material and is examined alongside commonly used products in a series of 
laboratory studies and modeling efforts to elucidate the importance of material selection. The 
primary objectives were to better-characterize cap materials and determine if petroleum 
hydrocarbon longevity is dependent on cap materials. 
The Literature Review (Chapter 2) covers these topics in more detail.  
 Hypothesis and Objectives 
Previous studies have suggested that the OBB is capable of maintaining conditions suitable for 
aerobic hydrocarbon degradation (Chalfant, 2015). And, conceptually, sorptive caps have a finite 
loading capacity (Hawkins, 2013), highlighting the value degradation could have on sediment 
management. From these observations, it was hypothesized that sorptive caps may be less 
sustainable than the OBB by resulting in higher concentrations of petroleum hydrocarbons in the 
underlying sediment in the long-term.  
The primary objective of this thesis is to better-characterize cap materials and determine if 
petroleum hydrocarbon longevity is dependent on capping approaches. Knowledge of the relative 
impacts of cap materials on longevity of hydrocarbons will help site managers select the most 
sustainable and effective remedies.  
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 Organization and Content 
Chapter 2 presents fundamental background information on groundwater-surface water 
interfaces, sediments, remediation strategies for impacted sediments, and biodegradation of 
petroleum hydrocarbons. Chapter 3 details laboratory and modeling methods. Chapter 4 presents 
and discusses the results from laboratory experiments and modeling efforts. Chapter 5 
summarizes the main ideas and conclusions resulting from this work, as well as suggestions for 




2. LITERATURE REVIEW 
This chapter introduces key concepts behind this thesis. First, biodegradation of petroleum 
hydrocarbons is discussed. Second, background information on groundwater-surface water 
interfaces is provided. Lastly, common remedies for contaminated sediments are explored. 
 Sediments and Groundwater-Surface Water Interfaces 
Sediments are generally defined as naturally occurring material that has been broken down and 
transported via wind, water, or ice. Herein, sediments are materials found below surface water 
(rivers, lakes, estuaries, oceans) that include solid minerals, natural organic carbon, benthic 
organisms, and microbial communities. Sediments can become contaminated through wastewater 
discharge, non-point sources, groundwater plumes, and deposition of contaminated sediments.  
Contaminants associated with sediments can be transported by erosion, deposition, diffusion, 
advection, bioturbation, and hyporheic exchange. Bioturbation is sediment and porewater mixing 
near the surface layer of sediments as a result benthic organism activity (Reible, 2014). Hyporheic 
exchange is a term used to describe the mixing of groundwater and surface water within the 
subsurface (Winter et al, 2014).  
Redox conditions are particularly relevant to sediments, especially when considering the potential 
for biodegradation. Sediments have been shown to have three main redox zones: the oxic zone at 
shallower depths, the suboxic zone at intermediate depths, and the reduced zone at further depths 
(Glud, 2008). These zones may be impacted by hydrologic processes like groundwater upwelling 
and tidal oscillations.  
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 Common Remediation Strategies for Contaminated Sediments 
Typically, contaminated sediments are addressed ex situ, via dredging, or in situ, via capping and 
monitored natural recovering (MNR). These remedies can be used individually and in 
combination, depending on the site.  The following section briefly covers common contaminated 
sediment remedies.  
 Dredging 
Dredging, or underwater excavation, involves contaminated sediment removal and off-site 
treatment or disposal. Sediment dredging risks resuspension of contaminants and release of 
contaminants into the surface water column (Bridges et al., 2008).  Additionally, dredging 
generates wastewater that must be treated before reintroducing it to surface water (US EPA, 
2005). Dredging is typically used at high-risk sites.  
The National Research Council (NRC) studied 26 superfund “megasites” to determine the 
effectiveness of sediment dredging. Ultimately, dredging was found to be likely ineffective when 
used alone and should be used, for example, with capping or monitored natural recovery (NRC, 
2007; Palermo and Hays, 2014).   
 Capping 
Capping entails covering contaminated sediments with a clean layer of material to prevent 
contaminant resuspension and migration (Reible and Lampert, 2014). Sand has traditionally been 
used for sediment capping, but more modern approaches incorporate synthetic, sorptive materials 
(Perelo, 2010). Sorptive caps sequester contaminants and protect surface water from both 
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dissolved phase and non-aqueous phase constituents. Dissolved phase contaminants are typically 
targeted with activated carbon while non-aqueous phase contaminants are typically targeted with 
oleophilic clays (Reible and Lampert, 2014). ORGANOCLAY ® manufactured by CETCO 
Minerals Technologies (Hoffman Estates, IL, USA), is an example of oleophilic clay. Sorptive 
material can be applied in bulk or interwoven between geotextile and rolled into place, as with 
CETCO’s REACTIVE CORE MATS™ ORGANOCLAY ®.   
Groundwater upwelling is an advective process that can transport contaminants through the 
sediments and into the surface water. To mitigate the effects of upwelling low permeability clays, 
like AquaBlok™, are implemented. However, gas accumulation beneath these caps can lead to 
uplift (Reible, 2007). Additionally, flow through porous media commonly follows preferential 
flow paths rather than plug flow, and flow barriers may simply shift the point of contaminated 
discharge to a new location. Further, fingering through the sediment and cap material could result 
in breakthrough long before the bulk sorptive capacity is met.  
 Monitored Natural Recovery  
Monitored natural recovery (MNR) utilizes existing biotic and abiotic processes within the 
sediments to degrade, stabilize, or deplete contaminants (Sylvia et al., 2005). For example, 
biodegradation relies on microbial communities to transform or degrade contaminants to reduce 
human health and ecological risks. Abiotic processes in sediment environments include sorption 
and deposition of new sediments; deposition of new material buries contaminants and reduces 
bioavailability through decreased surface sediment concentrations (Perelo, 2010). Although this 
is the least invasive remedy, exposure to humans and the environment due to resuspension from 
erosion, bioturbation, or ebullition are potential risks. Thorough site characterization is needed to 
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ensure natural recovery processes will occur within an acceptable amount of time and that risks 
associated with capping or dredging are greater than leaving sediments in place (Magar and 
Wenning, 2006).  
 Biodegradation of Petroleum Hydrocarbons  
Microbial degradation of petroleum hydrocarbons is known to occur under aerobic and anaerobic 
conditions (Sylvia et al. 2005). This section describes aerobic and anaerobic conditions within 
sediment environments.  
 Aerobic conditions 
Generally, the most effective degradation of petroleum hydrocarbons in terms of rates and 
complete mineralization occurs under aerobic conditions (Das and Chandran, 2011). It is through 
aerobic oxidation, which requires molecular oxygen, that petroleum hydrocarbons can be fully 
degraded to carbon dioxide and water (Leahy and Colwell, 1990).  Biodegradation of petroleum 
hydrocarbons in soil and groundwater has been found to be limited by molecular oxygen 
concentration (Jamison et al., 1975; von Wedel et al., 1988).  
Oxygen porewater concentrations as high as 10.4 mg/L and 9.8 mg/L at 5 cm and 10 cm in river 
sediments, respectively, have been measured directly with a modified YSI Professional ODO 
handheld meter (Neill et al., 2014).  Considerably lower oxygen concentrations in river sediment 
porewater were reported by Strayer et al. (1997). Oxygen concentrations typically decline rapidly 
as one moves deeper within sediments (Glud, 2008). From these examples, it can be said that 
oxygen concentration and penetration vary substantially depending on the site and type of 
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sediments (i.e. river, lake, marine). Additional factors like nutrient loading, upwelling, porosity, 
temperature, and bioturbation also impact oxygen concentration in sediment porewater (Boulton 
et al., 1998; Strayer et al., 1997; Fry, J. C., 1982). Tidal fluctuations are another prevailing 
influence on maintaining aerobic conditions in sediments as demonstrated through oxidation-
reduction potential (ORP) monitoring in sediment porewater on a tidal river (Chalfant, 2015).  
 
 Anaerobic conditions 
Although aerobic conditions lead to faster and more complete degradation, petroleum 
hydrocarbons concentrations can also be depleted under anaerobic conditions. Anaerobic 
degradation of petroleum hydrocarbons occurs through methanogenesis or anaerobic oxidation 
with nitrate, Fe(III), or sulfate as the electron acceptors (Chakraborty and Coates, 2004). Such 
conditions have been shown to exist in sediments (Fenchel and Jorgensen, 1977; Glud, 2008; 
Himmelheber et al., 2007).  
Certain site-specific factors are more conducive for anaerobic conditions. For example, high 
nutrient concentrations lead to oxygen depletion and minimal benthic activity limits oxygen 
delivery to the underlying sediments (Boulton et al., 1998; Reible, 2014). Additionally, some 
petroleum hydrocarbon-degrading microorganisms are obligate anaerobes; exposure to oxygen, 
through diffusion or bioturbation for instance, can be inhibitory to degradation processes 




This chapter details the approach to column experiments, sorption studies, and sediment cap 
modeling efforts. The first section describes a column study which utilized non-aqueous phase 
liquid (NAPL) to demonstrate the longevity of capping materials. The second section explains 
sorption studies used to characterize capping materials. Next, the design and analytical approach 
for a column study using impacted field sediments are discussed. Lastly, modeling methods and 
inputs are presented.  
 NAPL Columns 
Longevity of capping materials was observed through a non-aqueous phase liquid (NAPL) 
column study using commercially available diesel fuel. Glass columns with a fritted filter base 
(41 mm inner diameter x 61 cm length, Ace Glass, Inc., Vineland, NJ, US) were filled with water 
and loaded to 46 cm with 8-12 mesh Colorado Silica Sand (Rice Engineering, Inc., Edmonton, 
AB, CA) and then capped as detailed in Table 1. An image of the columns prior to adding diesel 
is provided in Figure 1.  
Table 1. Capping scheme for NAPL Columns 
Column  
# Cap Material 
1 Uncapped 
2 Sand1 (8 cm) 
3 Oleophilic BioBarrier2 (2 layers+) + Sand1 (6 cm) 
4 OrganoClay Reactive Core Mat3 (2 layers+) + Sand1 (6 cm) 
5 Activated Carbon Reactive Core Mat3 (2 layers+) + Sand1 (6 cm) 
6 Activated Carbon Reactive Core Mat3 (2 layers+) + Sand1 (6 cm) 
7 Activated Carbon Reactive Core Mat3 (2 layers+) + Sand1 (6 cm) 
110-20 Mesh Colorado Silica Sand, Rice Engineering, Edmonton, AB, CA,  
2 Tendrain II with 10 oz geotextile, SynTec LLC, Baltimore, MD, USA, 3Cetco, Hoffman 




Figure 1. NAPL column study set up. From left to right, the caps are: uncapped, Oleophilic 
BioBarrier (OBB) + sand, Sand, OrganoClay Reactive Core Mat (OC RCM) + sand, and the last 
three columns are a triplicate of Activated Carbon Reactive Core Mat (AC RCM) + sand. 
Over two weeks, 5 mL of diesel were injected daily into the bottom of each column. Pictures of 
the columns were captured with a Canon EOS Rebel T3i SLR camera (Ōta, TY, JP) every two 
hours under black light (120 V AC, 60 Hz, 40 W, GE Home Electric Products, Inc., Fairfield, CT, 
USA) using the Canon EOS Utility remote capture program for Windows. The pictures were used 
to monitor relative time to diesel breakthrough into surface water for the cap materials and 
ultimately compiled using Camtasia Studio (TechSmith, Okemos, MI, USA) to create a video of 
NAPL transport.  
  Sorption Study  
Sorption studies were conducted for the Oleophilic BioBarrier (OBB; Tendrain II, Syntec, 
Baltimore, MD, USA), the OrganoClay Reactive Core Mat (OC RCM; CETCO, Hoffman Estates, 
IL, USA), and the Activated Carbon Reactive Core Mat (AC RCM; CETCO, Hoffman Estates, 
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IL, USA) to supplement the Sediment Column experiment and support modeling efforts. 
Specifically, the objectives were to determine sorption isotherms for each of the cap materials.  
Sorption onto one square-inch of each cap material (~2.6 g/in2 OBB, ~1.8 g/in2 OC RCM and AC 
RCM; exact weight determined using analytical balance Denver Instrument, Bohemia, NY, USA) 
was measured in triplicate through batch experiments. A batch experiment for each material was 
carried out in 125 mL wide mouth septa jars (Certified 300 Series, Thermo Scientific, Waltham, 
MA, USA) filled with 100 mL of BTEX-spiked deionized water.  A stock solution of roughly 800 
mg/L BTEX (ACS grade benzene, EMD Chemicals, Gibbs Town, NJ, USA; ACS grade toluene 
and xylenes, Fisher Scientific, Fair Lawn, NJ, USA; GR grade ethylbenzene, Tokyo Chemical 
Company, Kita-Ku, TY, JP) in deionized water was prepared and diluted into four 100 mL 
volumes at 10 unique concentrations. Concentrations ranged from 10 mg/L to 800 mg/L BTEX. 
Prior to inserting sorbent materials, 2 mL water samples were collected from each jar to quantify 
initial concentrations. To capture losses through the lid during the course of the experiment, 
controls were included at each concentration. Samples from each sorption study are pictured in 
Figure 2, Figure 3, and Figure 4. Note: BTEX mixture was approximately 90% benzene, 8% 
toluene, 1% ethylbenzene, 1% xylenes to reproduce the composition found in initial porewater 




Figure 2. Triplicate of Oleophilic BioBarrier (1-1, 1-2, 1-3) + Control (C1) at 
concentration 1 of 10.  
 
Figure 3. Triplicate of OrganoClay Reactive Core Mat (1-1, 1-2, 1-3) + Control 
(C1) at concentration 1 of 10.  
 
Figure 4. Triplicate of Activated Carbon Reactive Core Mat (1-1, 1-2, 1-3) + 
Control (C1) at concentration 1 of 10.  
Each experiment was conducted for 48 hours at 18̊ C under gentle oscillation in an incubated 
shaker (MaxQ 6000, Thermo Scientific, Marietta, OH, USA). Liquid-liquid extractions with high 
purity (ACS/HPLC grade) n-hexane (Fisher Scientific, Fair Lawn, NJ, USA) were used to 
determine initial and equilibrium aqueous concentrations. Water samples and n-hexane mixtures 
(2 mL:2 mL) in 4 mL glass vials (VWR International, Radnor, PA, USA) were wrapped with 
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PTFE tape (LA-CO Industries, Inc., Elk Grove Village, IL, USA) placed on a multi-tube vortexer 
(Model 2600, Scientific Manufacturing Industries, Midland, ON, Canada) for 2 hours. The n-
hexane phase was analyzed on an Agilent Technologies 6890N Gas Chromatograph equipped 
with a Flame Ionization Detector (GC/FID) and a Restek Rtx-5™ column (30 m length x 0.32 
mm inner diameter x 0.25 µm film thickness). The temperature program was: 45̊ C for 3 min, 
ramp to 120̊ C at 10̊ C/min, and then ramp to 300̊ C at 20̊ C/min. A series of 6- and 8-point 
calibration curves were generated using a gasoline range organics (GRO) standard (Gasoline 
Range Organics Std 1000ug/mL, P&T Methanol, 1 mL/ampule, Restek, Bellefonte, PA, USA). 
Concentrations on the calibration curve ranged from 5 mg/L to 1000 mg/L for benzene, toluene, 
ethylbenzene, and xylenes.  
The difference between initial and final (i.e. equilibrium) aqueous concentrations, minus loses, 
was applied to the weight of the material to yield sorbed concentrations Cs (mass of sorbate per 
weight of sorbent). Sorbed concentrations and equilibrium aqueous concentrations Cw (mg/L) 
were then applied to the Langmuir isotherm model. This model is used when the sorbents have a 
limited number of sorption sites and sorbed concentrations cannot increase indefinitely 
(Schwarzenbach et al., 2003). The Langmuir isotherm model is represented by the following 




  (1) 
where Γmax is the total number of sorption sites, which can be taken as the maximum achievable 


















  (3) 
 
These constants, Cs,max and KL, are inputs for the modeling program CapSim 3.2a developed by 
The Reible Group at the University of Texas.  
 Sediment Columns 
 Column Construction and Loading 
A set of eight 1-m tall columns were built from 10-cm (4-in) clear polyvinyl chloride (CPVC) 
pipe. Column bases were constructed using socket flanges (Spears Manufacturing, Sylmar, CA, 
USA) and acrylic plates. Water sampling ports were installed at four depths within the columns) 
using compression fittings (¼” x ¼”, Cole-Parmer, Vernon Hills, IL, USA) and thick-walled glass 
tubing wrapped with nitex bolting cloth (153 µm aperture, Science First/Wildco, Yulee, FL, 
USA). During the experiment, the columns were kept in a water bath at 18̊ C (40” wide x 80” 
long x 40” tall); polytetrafluoroethylene (PTFE) tubing (0.125” O.D. x 0.602” I.D., Saint-Gobain 
Performance Plastics, Mickleton, NJ, USA) was used to collect samples from submerged ports.  
Petroleum-impacted field sediments from a former fuel terminal in Rhode Island, USA were 
mixed into a slurry with water spiked with benzene, toluene, ethylbenzene, and xylenes (ACS 
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grade benzene, EMD Chemicals, Gibbs Town, NJ, USA; ACS grade toluene and xylenes, Fisher 
Scientific, Fair Lawn, NJ, USA; GR grade ethylbenzene, Tokyo Chemical Company, Kita-Ku, 
TY, JP). The sediment-water slurry was loaded into the columns to a height of 50 cm.  The 
sediments were capped as described in Table 2 then topped off with 15 cm of water; water was 
continuously sparged with air to maintain an aerobic surface water boundary condition. A picture 




Table 2. Capping scheme for Sediment Columns. 
Column  
# Cap Material 
1 Uncapped 
2 Sand1 (10 cm) 
3 Glass Plate2 + Sand1 (10 cm) 
4 Oleophilic BioBarrier3 (2 layers+) + Sand1 (8 cm) 
5 OrganoClay Reactive Core Mat4 (2 layers+) + Sand1 (8 cm) 
6 Activated Carbon Reactive Core Mat4 (2 layers+) + Sand1 (8 cm) 
7 Activated Carbon Reactive Core Mat4 (2 layers+) + Sand1 (8 cm) 
8 Activated Carbon Reactive Core Mat4 (2 layers+) + Sand1 (8 cm) 
18-12 Mesh Colorado Silica Sand, Rice Engineering, Edmonton, AB, CA, 2100 mm x 10 mm 
PYREX™ petri dish culture cover, Corning Incorporated, Corning, NY, USA, 3 Tendrain II 
with 10oz geotextile, SynTec LLC, Baltimore, MD, USA, 4Cetco, Hoffman Estates, IL, USA, 




Figure 5. Sediment columns in holding tank. 
 Water Sampling and Analysis 
Relative to the top of the column, surface water ports were located at 26 cm and three pore-water 
ports were located within the sediment region at 50 cm, 65 cm, and 80 cm (Figure 6). Every two 
weeks for 4 months, 2 mL surface water and pore water samples were collected. Water samples 
were analyzed on a Tekmar 7000 Headspace Autosampler Gas Chromatograph equipped with a 
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Flame Ionization Detector (GC/FID) and a Restek Rtx-5™ column (30 m length x 0.32 mm inner 
diameter x 0.25 µm film thickness). The temperature program was: 40̊ C for 5 min, ramp to 100̊ 
C at 10 ̊C/min, ramp to 180̊ C at 30̊ C/min and hold for 1 min. A series of 5- and 6-point calibration 
curves were generated for concentration ranges of 0.25-50 mg/L for benzene, 0.75-150.5 mg/L 
for toluene, 0.25-50 mg/L for ethylbenzene, and 1-200 mg/L for xylenes (m- and o-) using a GRO 
standard (Restek, Bellefonte, PA, USA).  
 
Figure 6. Water sampling port locations within the columns. “Port 1” is at 26 
cm, “Port 2” is at 50 cm, “Port 3” is at 65 cm, and “Port 4” is at 80 cm. 
Additionally, 4 mL samples from each the beginning, middle, and end of the four month period 
were extracted into 400 µL high purity (ACS/HPLC grade) n-hexane (Fisher Scientific, Fair 
Lawn, NJ, USA). Water samples and n-hexane mixtures (4 mL:400 µL) in Teflon tape wrapped 
4 mL glass vials (VWR International, Radnor, PA, USA) were placed on a multi-tube vortexer 
(Model 2600, Scientific Manufacturing Industries, Midland, ON, Canada) for 30 min, then  300 
µL of the n-hexane phase were preserved at -20̊ C for supplemental analysis. The preserved 
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samples were later analyzed on an Agilent Technologies 6890N Gas Chromatograph equipped 
with a Flame Ionization Detector (GC/FID) and a Restek Rtx-5™ column (30 m length x 0.32 
mm inner diameter x 0.25 µm film thickness). The temperature program was: 45̊ C for 3 min, 
ramp to 120̊ C at 10̊ C/min, and then ramp to 300̊ C at 20̊ C/min. An 8-point calibration curve 
was generated using a gasoline range organics (GRO) standard (Gasoline Range Organics Std 
1000ug/mL, P&T Methanol, 1 mL/ampule, Restek, Bellefonte, PA, USA). Concentrations on the 
calibration curve ranged from 5 mg/L to 1000 mg/L for benzene, toluene, ethylbenzene, and 
xylenes.  
 Frozen Column Sampling and Analysis  
Frozen column sampling and analytical methods were modeled after methods developed by 
Kiaalhosseini et al. (2016) for cryogenic sampling of soils.  
After 4 months of water sampling, the columns were moved to a -20̊ C walk-in freezer. Frozen 
columns were cut into 2.54 cm sub-sections, referred to as “hockey pucks”, at eight different 
locations: one at the top of the cap, one at the bottom of the cap, three in the sediment directly 
below the cap, one in the middle of the sediment, and two at the bottom of the sediment. Cuts 
were made using a circular saw equipped with a masonry blade (Diablo Tools, High Point, NC, 
USA). Each hockey puck was subsequently quartered and preserved. Figure 7 shows relative 




Figure 7. Schematic of the eight hockey puck sampling positions: two in 
the cap, three in the sediment directly below the cap, one in the middle of 
the sediment, and two at the bottom of the sediment. 
 
One quarter of each hockey puck was placed in a 125 mL wide mouth septa jar (Certified 300 
Series, Thermo Scientific, Waltham, MA, USA) filled with de-aired water. Displaced water mw 
(M) was weighed on an analytical balance (Denver Instrument, Bohemia, NY, USA) to estimate 
the sample volume VT (L3). In addition to determining sample volume, this quarter was also used 
to determine methane concentrations. After shaking samples for 30 min on a multi-tube vortexer 
(Model 2600, Scientific Manufacturing Industries, Midland, ON, Canada), 5 mL water samples 
were collected. Water samples were analyzed for methane concentrations on a Tekmar 7000 
Headspace Autosampler Gas Chromatograph (Teledyne Tekmar, Mason, OH, USA) equipped 
with a Flame Ionization Detector (GC/FID) and a column (30 m length x 0.32 mm inner diameter 
x 0.25 µm film thickness). The temperature program was: 45̊ C for 2 min, ramp to 180̊ C at 20 ̊
C/min, ramp to 250̊ C at 8̊ C/min, then ramp to 300̊ C at 30̊ C/min and hold for 1 min. A 5-point 
calibration curve was generated using a 4% methane gas standard mixture (Scotty Specialized 




on the calibration curve ranged from 0.05 mg/L to 2.7 mg/L. Data from water analyses yields 
percent methane saturation in each sample.   
Following methane analysis, dry weight of sediment samples in water MD(w) (M) was determined 
by removing excess liquid per microwave oven heating methods described in ASTM D4643. 
Then, porosity Φ (dimensionless), pore volume Vp (L3), and bulk density ρb (M/L3) were 
calculated using equations (4) through (7): 
 VT = mw/ρw (4) 
 ρb = MD(w)/VT (5) 
 Φ = 1 − ρb
ρp
 (6) 
 Vp = VT ∙ Φ (7) 
where water density ρw  is taken as 1 gm/cm3 and particle density ρp is taken as the value for 
quartz, 2.65 gm/cm3 (Jury and Horton).  
A second quarter of each hockey puck was placed in 125 mL straight-sided jars (Kimble Chase, 
Vineland, NJ, USA) filled with 100 mL high purity (HPLC grade) methanol (Sigma-Aldrich, St. 
Louis, MO, USA). Dry weight of the sample MD(MeOH) (M) was determined by removing excess 
liquid per the microwave oven heating methods described in ASTM D4643. After 30 min on a 
multi-tube vortexer (Model 2600, Scientific Manufacturing Industries, Midland, ON, Canada) 
methanol was analyzed for benzene concentration CMeOH (M/L3) on an Agilent Technologies 
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6890N Gas Chromatograph (Santa Clara, CA, USA) equipped with a Flame Ionization Detector 
(GC/FID) and a Restek Rtx-5™ column (30 m length x 0.32 mm inner diameter x 0.25 µm film 
thickness; Bellefonte, PA, USA). The temperature program was: 45̊ C for 3 min, ramp to 120 ̊C 
at 10̊ C/min, and then ramp to 300̊ C at 20̊ C/min. A 5-point calibration curve was generated using 
a gasoline range organics (GRO) standard (Gasoline Range Organics Std 1000 ug/mL, P&T 
Methanol, 1 mL/ampule, Restek, Bellefonte, PA, USA). Concentrations on the calibration curve 
ranged from 5 mg/L to 100 mg/L for benzene, toluene, ethylbenzene, and xylenes. Again, dry 
weight of the sample MD(MeOH) (M) was determined by removing excess liquid per the microwave 
oven heating methods described in ASTM D4643. Data from methanol extractions yield total 
benzene concentrations CT (M/L3) for each hockey puck using equations (8) and (9).  
 mT = CMeOH ∙ 100 mL MeOH (8) 
 CT = mT/M𝐷𝐷(MeOH) (9) 
Further, sediment concentration data can be coupled with aqueous benzene concentrations Caq 
(M/L3) from porewater sampling to yield sorbed benzene concentrations Cs (M/L3) for each 
hockey puck. First, aqueous concentrations from the final water sampling event (from n-hexane 
extraction and analysis) were multiplied by the pore volume to determine the mass of benzene in 
the pore space mp (M).  
 mp =  Caq ∙ Vp (10) 
The sorbed benzene mass ms was then taken to be the difference between the total mass and the 
mass in the pore space (mg/L).  
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 ms = mT − mp (11) 
Finally, the sorbed mass was applied to the dry weight of the methanol-extracted sample to 
yield the sorbed concentration (mg/kg).  
 Cs = ms/𝑀𝑀D(MeOH) (12) 
Note, porewater samples are not rigorously co-located exactly with the hockey puck samples, but 
still yield reasonable approximations of sorbed concentrations. For clarification, Figure 7 shows 
the position of the hockey puck samples relative to the pore-water ports. Also, aqueous 
concentrations used in (10) were determined from the n-hexane extraction and analysis described 
in the Water Sampling and Analysis section. 
A third quarter from each hockey puck was wrapped in aluminum foil and stored at -30̊ C for 
microbial DNA analysis. Microbial analysis closely followed the methods of Irianni-Renno et al. 
(2016). Samples were sent to Research and Testing Laboratory (Lubbock, TX, USA) for 
sequencing. 
  Modeling 
Numerical modeling was used to (1) explore the relevance of sorption and degradation within 
capped sediment systems, (2) resolve the importance of sorption and degradation, and (3) evaluate 
processes over long periods of time. Ultimately, modeling efforts were aimed at gaining insight 
on implications cap materials may have for precluding contaminant degradation within sediments. 
To advance this objective, oxygen diffusion, benzene transport, and biodegradation were 
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simulated under a variety of capping conditions using CapSim 3.2a, a one-dimensional cap and 
sediment model developed by the Reible Research Group at Texas Tech University (publication 
pending). This model was specifically selected because it contains a comprehensive suite of 
features within a friendly user-interface. Notable features include the ability to incorporate 
reactions, simulate bioturbation, impose tidal oscillations on the sediment system, and choose 
from a variety of boundary conditions. At each layer interface, continuity of mass is applied while 
upper and lower boundary conditions can be manipulated. For the upper boundary (the surface 
water layer) a fixed concentration or mass transfer boundary condition can be selected. For the 
lower boundary (underlying sediments) a fixed concentration, gradient, or flux boundary 
condition can be applied. Results from each simulation were examined to determine the 
contaminant mass remaining after a given amount of time under each capping condition.  
CapSim 3.2a allows users to create chemical and material databases. Items from both databases 
are later selected to design and perform individual simulations. The user can also input chemical 
reactions, specifying reaction rates as well as initial concentrations in each layer of the cap design. 
After defining grid size, time step, and other solver options, CapSim 3.2a conducts the simulation 
and graphically displays the results. The results window allows the user to select parameters to 
plot spatially and temporally. Additionally, data can be exported as data files for further analysis.  
Modeling efforts in this thesis began with building intuition regarding modeled processes and 
exploring the capabilities of CapSim 3.2a by running relatively simple scenarios and monitoring 
the results. Components were added into each scenario interactively to observe the response of 
the model at each step. A schematic illustrating layers used within the model is shown in Figure 
8. Ultimately, capping conditions corresponding to the Sediment Column Study, presented in 
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Table 3, were modeled under five scenarios (A-E) defined in Table 4. Note the glass cap condition 
was not simulated because CapSim 3.2a cannot execute impermeable layers.  
 
Figure 8. Schematic of modeling layers. The cap layer represents a 
place-holder for a variety of cap scenarios. 
Table 3. List of caps modeled with CapSim 3.2a. 
Capping Conditions 
No cap 
10 cm Sand 
2 cm Oleophilic BioBarrier + 10 cm Sand 
2 cm OrganoClay Reactive Core Mat + 10 cm Sand 





Table 4. Components of each scenario modeled over the capping conditions in Table 3.  




A X    
B X X   
C X X  X 
D X X X  
E X X X X 
*Referring to benzene degradation: 2𝐶𝐶6𝐻𝐻6 + 15𝑂𝑂2 → 12𝐶𝐶𝑂𝑂2 + 6𝐻𝐻2𝑂𝑂,𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝐶𝐶𝑂𝑂3. 
A second order reaction coefficient of 1 L/mmol-yr was assumed for benzene degradation.  
**Sorption of benzene onto sediment and capping materials.  
Additionally the boundary and initial conditions are summarized in Table 5. Both the intermediate 
sediments and the underlying sediments began with a benzene concentration of 30 mg/L for 
porewater, which is consistent with initial concentrations from the Sediment Column Study. 
Surface water was assumed to have 8 mg/L dissolved oxygen, while Henry’s Law was used to 
determine a carbon dioxide (CO2) concentration of 0.6 mg/L. The molar concentration of CO2 in 




= 1.36𝑥𝑥10−5 𝑀𝑀 (13) 
where the partial pressure of CO2, 𝑃𝑃𝐶𝐶𝐶𝐶2, is 400 x 10
-6 atm (NOAA) and the Henry constant for 
CO2, 𝑘𝑘𝐻𝐻𝐶𝐶𝐶𝐶2 , is 29.41 atm/M (Moran). The molecular weight of CO2 is 44 g/mol (CRC Handbook), 
which is used to generate the CO2 surface water concentration𝐶𝐶𝐶𝐶𝐶𝐶2,𝑆𝑆𝑆𝑆: 
 𝐶𝐶𝐶𝐶𝐶𝐶2,𝑆𝑆𝑆𝑆 = [𝐶𝐶𝑂𝑂2]𝑆𝑆𝑆𝑆 𝑥𝑥 𝑀𝑀𝑊𝑊𝐶𝐶𝐶𝐶2 = 0.6 𝑚𝑚𝑚𝑚/𝐿𝐿 (14) 
Further, at ~7 pH, CO2 forms H2CO3 with H2O and the H2CO3 immediately dissociates into 
HCO3- (Gutknecht, Moran). However, speciation reactions extended model runtime and did not 
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impact results. Therefore, at neutral pH values CO2 speciation reactions were ignored. More 
information is provided in Appendix A.  
Table 5. Boundary and initial conditions used for modeling with CapSim 3.2a. 






Surface water Fixed concentration 8 mg/L 0 mg/L 0.6 mg/L 








concentration 0 mg/L 30 mg/L 0 mg/L 
 
Inputs for the chemical database, presented in Table 6, were generated using literature values and 
equations (Schwarzenbach et al., CRC Handbook of Chemistry and Physics, Hayduk and Laudie, 
USGS, Silberberg, Wilke and Chang). Values for the material database, shown in Table 7, were 
predominantly measured directly. For example, porosity and bulk density of sand and sediment 
were determined from frozen column analyses as described in the previous section. Volumes and 
weights of AC RCM, OC RCM, and OBB samples were measured using a ruler and an analytical 
balance (Denver Instrument, Bohemia, NY, USA) to calculate bulk densities. Porosity of OBB, 
OC RCM, and AC RCM was estimated from bulk sorbent porosities. Then, after basic model 
validation and assessment, the following solver options were selected: 1 cm grid size, 0.00273 yr 




Table 6. Inputs for Chemical Database in CapSim 3.2a 
Property Benzene Oxygen Carbon Dioxide 
Density (kg/L) 0.881 0.0014295 0.001965 
Molecular Weight (mol/L) 782 322 442 
Aqueous Phase Diffusion Coefficient (cm2/s) 8.79e-63 1.98e-56 1.67e-56 
Octanol-Water Partition Coefficient (L/kg) 147.912 - - 
Organic Carbon Partition Coefficient (L/kg) 594 - - 
Sources: 1Schwarzenbach et al, 2CRC Handbook of Chemistry and Physics, 3Estimated using 
Hayduk and Laudie model built into CapSim 3.2a, 4USGS (2006), 5Calcuated for standard 
temperature and pressure using the relationship Density = Molecular Weight/Standard Molar 
Volume, where Standard Molar Volume = 22.4 L (Silberberg), 6Calculated with the molecular 
diffusion equation from Wilke and Chang (details in APPENDIX B.  
 
Table 7. Inputs for Material Database in CapSim 3.2a 










Porosity 0.321 0.251 0.812 0.782 0.412 
Bulk density (g/cm3) 1.841 1.951 0.223 0.283 0.453 
Fraction organic 
carbon, foc 0.01
4 0 0 0.145 0.75 
Sorption isotherms Linear (Kocfoc) - Langmuir Langmuir Langmuir 
1As discussed, porosity and bulk density of sediment and sand were determined from frozen 
column analysis data; calculations are shown in Appendix C. 2Porosity of cap materials was 
measured volumetrically through water displacement, details in Appendix C. 3As discussed, 
bulk density was calculated from laboratory measurements of cap material dimensions and 
weights; calculations are shown in Appendix C. 4Default value for sediment in CapSim 3.2a. 
5Fraction organic carbon values for Reactive Core Mats were assumed 70% of the bulk 
materials. In CapSim 3.2a, the foc values for bulk OrganoClay and bulk Activated Carbon are 





4. RESULTS  
This section presents results from the laboratory and modeling studies. First, results from the 
NAPL column study are presented. Second, sorption study results are shown. Then, the sediment 
column study results from surface water and porewater sampling are given, followed by the 
results from the frozen column analyses. Lastly, modeling results are provided.  
  NAPL Columns 
For 16 days, 5 mL diesel were injected into the bottom of the columns on a daily basis. Pictures 
were taken every two hours, and the day of diesel breakthrough was recorded for each cap. Diesel 
is visible as a florescent yellow liquid within columns, as demonstrated in Figure 9. Times to 
breakthrough are shown in Figure 10. The longest time to breakthrough was observed in the OC 
RCM column, which is expected given it is designed to target NAPL releases. However, the take-
home message is that absent degradation, breakthrough will occur under all capping conditions. 
Given remedies solely based on contaminant retention, breakthrough, or failure, is simply a matter 
of time.  
 





Figure 10. Time to diesel breakthrough into surface water. 
Pictures compiled in Figure 11 illustrate breakthrough over time in each of the columns. These 
pictures indicate flow through porous media and cap materials via preferential pathways and not 
plug-flow. Critically, transport along sparse preferential pathways lead to a scenario where 
sorptive capacity of cap materials are not fully utilized. Therefore, assuming plug-flow when 
calculating the design life of caps may result in unrealistic expectations regarding the longevity 

















Figure 11. Visual diesel breakthrough throughout NAPL column study.  
 Sorption Study 
Sorption isotherms for benzene on OBB, OC RCM, and AC RCM at 18̊ C were determined 
through a series of sorption studies. “Effective” initial benzene concentrations were calculated for 
each triplicate at all of the 10 concentrations by subtracting losses observed within controls to 
32 
 
circumvent these losses being attributed to the sorbed mass. The sorbed mass of benzene was 
defined as the mass difference between the final benzene concentration and “effective” initial 
benzene concentration. In the case that final concentrations of benzene were zero or undetected, 
the sample was disregarded for analyses. Sorption study data are tabulated for OBB, OC RCM, 
and AC RCM in Appendix D. Benzene sorption isotherms for these cap materials are shown in 
Figure 12. The dramatically steeper slope for AC RCM results indicates it is a much stronger 
sorbent for aqueous-phase benzene.  
 
Figure 12. Benzene sorption isotherms for the Oleophilic BioBarrier (OBB), the OrganoClay 
Reactive Core Mat (OC RCM), and the Activated Carbon Reactive Core Mat (AC RCM). 
Following the Langmuir isotherm model, inverse equilibrium aqueous concentrations were 
plotted against inverse sorbed concentrations for each material. The datasets were then fitted to a 
linear equation. The results for each cap material and the equation for the best-fit line are shown 






















Figure 13. Benzene sorption onto the Oleophilic BioBarrier (OBB).  
 
Figure 14. Benzene sorption onto the OrganoClay Reactive Core Mat (OC RCM). 





































Figure 15. Benzene sorption onto the Activated Carbon Reactive Core Mat (AC RCM). 
 
The terms for the Langmuir isotherm model are taken from the linear equations as described in 
Section 3.2 and compiled in Table 8. 
Table 8. Langmuir isotherm results from sorption study. 
Material KL (L/mg) 
Cs,max 
(mg/kg) 
Oleophilic BioBarrier 4.51e-03 5000 
OrganoClay Reactive Core Mat 2.2e-02 2500 
Activated Carbon Reactive Core Mat 2e-01 50000 
The higher value for AC RCM indicates a higher capacity for benzene sorption. The values for 
OBB and OC RCM indicate a comparably lower capacity for benzene sorption.  Results in Table 
8 were used as inputs for modeling with CapSim 3.2a.  

















Benzene on AC RCM
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  Sediment Columns  
 Water Sampling 
Surface water and porewater samples were collected and effectively analyzed seven times over 
four months. Accumulation of gas bubbles within the porespace of all columns complicated 
porewater sampling and may have contributed to the erratic nature of some of the data presented 
in the following sections. Benzene was never detected in surface water samples from Port 1, so 
those results are omitted. Benzene in sediment porewater samples from Ports 2, 3, and 4 through 
time, are shown for each capping condition in Figure 16, Figure 17, and Figure 18, respectively. 
For all three porewater ports in each column, there is a general trend of decreasing benzene 
concentration through time. Analysis of sediment sampled prior to column loading revealed that 





Figure 16. Benzene concentrations in Port 2 through time for all capping conditions per 
headspace analysis of porewater samples. AC RCM + sand is the triplicate average. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 



































Figure 17. Benzene concentrations in Port 3 through time for all capping conditions per 
headspace analysis of porewater samples. AC RCM + sand is the triplicate average. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 



































Figure 18. Benzene concentrations in Port 4 through time for all capping conditions per 
headspace analysis of porewater samples. AC RCM + sand is the triplicate average. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM). 
The porewater sampling data was also used to generate benzene concentration profiles for each 
capping condition. These data are presented alongside representative columns to illustrate relative 
depth of sample port location. Figure 19 shows benzene concentrations (mg/L) at each depth 
under each capping condition over time using data from headspace analysis of porewater samples.  
For all sampling locations, there is still a general trend of decreasing benzene concentration 
through time. The most compelling results are the concentrations detected from porewater 
samples collected from Port 2:  
• Results from Port 2, near the surface of the sediments, indicate lower concentrations in all 



































penetrates a limited distance into the cap and therefore aerobic degradation is most 
effective closer to the surface of the sediments. Additionally, without flow through the 
sediments, the sorptive capacity of the cap materials is expected to have the greatest impact 
on the sediments closer to the cap. With the lower concentrations near the surface of the 
sediment, this effect is observed.  
• Porewater concentrations from Port 2 of the uncapped column could be decreasing as a 
result of degradation or as a result of dilution by the surface water. Surface water 
concentrations were not detected, however air was sparged to generate an oxygenated 
boundary condition and could have stripped benzene in the process.  
• Relative to the uncapped column, the sand capped column has higher concentrations of 
benzene from Port 2. The sand layer could be limiting oxygen penetration as well as 
preventing dilution by the surface water.  
• Benzene concentration profiles for the glass + sand capped column are consistent across 
the three sediment porewater ports. It is possible that the glass isolated the aerated surface 
water from the sediments near Ports 2, 3, and 4, generating anaerobic conditions capable 
of degrading benzene throughout the column.  
• Benzene concentrations in sediment porewater from Port 2 of the OBB + sand capped 
column are lower than detected in the sand capped column. This could be due to sorption to 
the geotextile and/or to the material allowing oxygen to reach deeper into the sediments, 
aiding aerobic degradation.  
• Benzene concentration profiles for the OC RCM + sand capped column are consistent 
across the three sediment porewater ports. As with the glass + sand cap, it is possible that 
the OC RCM isolated the aerated surface water from the sediments, generating anaerobic 
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conditions capable of degrading benzene throughout the column. Sorption could also cause 
degreasing benzene concentrations.  
• Finally, the AC RCM + sand capping condition yielded the lowest benzene porewater 
concentrations. The low concentrations from Port 2 porewater samples were likely due to 
the sorptive capacity of the material as activated carbon targets dissolved phase 
constituents. Additional figures generated using headspace analysis of porewater samples 






Figure 19. Benzene concentration profiles per headspace analysis over four month sampling 
period. AC RCM + sand is the triplicate average. Note the following abbreviations: Oleophilic 
BioBarrier (OBB), Organoclay Reactive Core Mat (OC RCM), Activated Carbon Reactive 
Core Mat (AC RCM).  
In addition to headspace analysis of water samples, hexane extractions of porewater samples were 
conducted near the beginning, middle, and end of the sediment column study. These results are 




 Frozen Column Analysis  
Hockey pucks were recovered from frozen columns and used to determine volume, porosity, and 
methane concentrations. An overall average sediment porosity of 0.32 was calculated and Final 
methane saturation profiles for each capping condition are presented in Figure 20.   
Analysis of initial sediment sample indicated initial methane saturation in the sample was less 
than 0.1%. Therefore, from Figure 20, methane was generated in all columns.  
 
 
Figure 20. Profiles of final methane saturation from frozen column analysis. Activated Carbon 
Reactive Core Mat (AC RCM) + sand is the triplicate average. Note the following 
abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC RCM), 
Activated Carbon Reactive Core Mat (AC RCM). 
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The second quarter of the hockey puck was placed in methanol to extract aqueous- and sorbed-
phase benzene. Analysis of initial sediment sample indicated initial total benzene concentration 
was 12 mg/kg. Total benzene concentration profiles for each capping condition are presented in 
Figure 21. Overall, the capping conditions seem to have the greatest impact at the shallower 
depths within the sediment column. Potential causes for benzene concentration profiles resulting 
from methanol extraction analyses are discussed in the following list:  
• In comparison to the uncapped column, the sediments near the surface in the sand 
capped column have higher concentrations of benzene. As mentioned in discussion of 
porewater concentration data, the sand layer could be limiting oxygen penetration as 
well as preventing dilution by the surface water.  
• The OBB + sand cap may be helping to promote biodegradation near the sediment 
surface. Oxygen consumption in the upper-most layer of sediment could be limiting 
oxygen penetration into deeper layers.  
• Benzene concentrations for the OC RCM + sand capped sediments are similar to the 
concentrations observed in the OBB + sand capped sediment. However, given the results 
from the porewater sampling, it is likely that these benzene concentrations are due to 
anaerobic degradation rather than aerobic degradation. Sorption could also cause lower 
concentrations in the upper layers of sediment.   
• Benzene concentrations observed in the glass + sand capped column could be the result 
of anaerobic degradation. The higher concentration in the upper-most sediment layer 
could be due to oxygen entering through the perimeter of the glass plate and interfering 




Figure 21. Final total benzene concentration profiles from methanol extraction analysis of 
frozen column samples. Concentrations are in mg of benzene per kg of dry sediment sample. 
Activated Carbon Reactive Core Mat (AC RCM) + sand is the triplicate average. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM). 
Coupling benzene concentration data from methanol extractions with benzene concentration 
data from the final porewater sampling event, sorbed concentrations of benzene were inferred. 
Sorbed benzene concentration profiles, presented in Figure 22, follow the same trend as seen 
in the total benzene concentration profiles.  Sorbed benzene concentration in initial sediment 






Figure 22. Final sorbed benzene concentration profiles estimated with results from frozen 
column analysis and porewater sampling. Concentrations are in mg of sorbed benzene per kg of 
dry sediment sample. Activated Carbon Reactive Core Mat (AC RCM) + sand is the triplicate 
average. Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive 
Core Mat (OC RCM), Activated Carbon Reactive Core Mat (AC RCM). 
The third quarter of the hockey puck was preserved for DNA analyses. Preliminarily, a total of 
five samples from the glass + sand capped sediments, uncapped sediments, initial sediment 
sampling were sequenced to determine if a more detailed investigation would be informative. 
From these samples, there were no significant differences observed between samples. Therefore, 
additional samples were withheld from analysis. Results from the sediment samples that were 
sequenced are provided in Appendix G.   
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 Modeling  
Scenarios C, D, and E, recalled in Table 9, are the most pertinent as they simulate benzene 
degradation and sorption. Profiles of benzene and oxygen porewater concentrations were 
generated from data for scenarios C, D, and E after four months. Unfortunately, CapSim 3.2a 
could not be used to generate sorbed and total benzene concentration profiles at the time this work 
was completed.  A four-month period was selected to align with the sediment column study, 
which lasted four months.  
Table 9. Components of scenarios C, D, and E modeled with CapSim 3.2a 
Scenario Reaction* Sorption** 
C  X 
D X  
E X X 
*Referring to benzene degradation: 2𝐶𝐶6𝐻𝐻6 + 15𝑂𝑂2 → 12𝐶𝐶𝑂𝑂2 + 6𝐻𝐻2𝑂𝑂,𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝐶𝐶𝑂𝑂3 
**Sorption of benzene onto sediment and capping materials.  
Benzene and oxygen porewater concentrations at specific depths for the three scenarios (E – 
reaction and sorption, D – reaction only, C – sorption only) are presented in Figure 23 and Figure 
24, respectively. Using the cap surface as the datum, data was taken from the cap porewater at 1 
cm and 9 cm deep, and from the intermediate sediments porewater at 11 cm, 12 cm, 13 cm, 25 
cm, 55 cm, and 56 cm deep. Cross-sections of capped sediment are provided left of the plots to 
indicate which regions the data represent.   
Comparing these three scenarios emphasizes the roles of reaction/degradation and sorption in 
capped sediment systems. The impact is particularly significant for the benzene concentration 
data as shown in Figure 23. Further, comparing these scenarios highlights which process has the 
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greatest impact on benzene concentrations under each capping condition. For example, the 
difference between the “reaction only” results and the “reaction and sorption” and “sorption only” 
results in AC RCM + sand capped sediment indicates that sorption plays the biggest role under 
this condition. Sorption plays a less significant role in OBB + sand and OC RCM + sand capped 
sediments. Further, capping conditions do not appear to affect sediments 25 cm deep and below.  
 
 
Figure 23. Benzene porewater concentrations at four months per scenarios E, D, and C. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM).   
From Figure 24, oxygen concentration data indicates that degradation may be diffusion limited at 
4 months with the assumed reaction rate coefficient of 1 L/mmol-yr. And again, capping 







Figure 24. Oxygen porewater concentrations at four months per scenarios E, D, and C. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM). 
Long-term results provide insight toward the sustainability of the capping conditions; therefore, 
profiles of benzene and oxygen porewater concentrations over the three scenarios (E – reaction 
and sorption, D – reaction only, C – sorption only) were also generated from data at the end of 
25-year simulation period (Figure 25 and Figure 26, respectively). From the benzene 
concentration data in Figure 25, sorptive processes dominate benzene concentrations under AC 
RCM + sand capping conditions while degradation reactions dominate under OBB + sand and 
OC RCM + sand capping conditions. Comparing the data from the 25-year simulation period with 
the data from 4 months of simulation, benzene degradation is shown to be generally more 
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Figure 25. Benzene porewater concentrations at 25 years per scenarios E, D, and C. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM). 
As with the oxygen concentration data from the four-month simulation period, the oxygen 
concentration data after the 25-year simulation in Figure 26 indicates that degradation may be 
diffusion limited over long time periods. Oxygen concentrations are higher deeper within the 
sediments across all capping conditions when only sorption is simulated, relative to the 4-month 
simulation. This indicates that over time, absent degradation, oxygen will diffuse deeper into the 
sediments. Consideration of reaction simulations show oxygen diffusing into the sediment will 
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be consumed. Over longer time periods it becomes clear that benzene degradation is limited by 
oxygen diffusion. 
 
Figure 26. Oxygen porewater concentrations at 25 years per scenarios E, D, and C. Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM). 
Benzene concentrations through time are shown in Figure 27, Figure 28, and Figure 29 for 
scenarios with reaction and sorption, reaction only, and sorption only, respectively. From these 
profiles, higher concentrations of benzene are observed when only sorption is simulated and lower 
concentrations are observed with degradation reactions. Overall, relevance of degradation 





Figure 27. Benzene porewater concentration profiles from scenario E (reaction and sorption). 
Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat 





Figure 28. Benzene porewater concentration profiles from scenario D (reaction only). Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 





Figure 29. Benzene porewater concentration profiles from scenario C (sorption only). Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 
RCM), Activated Carbon Reactive Core Mat (AC RCM). 
Similarly, oxygen concentrations through time are shown in Figure 30, Figure 31, and Figure 32 
for scenarios with reaction and sorption, reaction only, and sorption only, respectively. From these 
profiles deeper oxygen diffusion is observed when only sorption in simulated, suggesting 





Figure 30. Oxygen porewater concentration profiles from scenario E (reaction and sorption). 
Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat 





Figure 31. Oxygen porewater concentration profiles from scenario D (reaction only). Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 





Figure 32. Oxygen porewater concentration profiles from scenario C (sorption only). Note the 
following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive Core Mat (OC 





5. SUMMARY AND CONCLUSIONS 
This chapter summarizes the preceding chapters, beginning with the main ideas as well as an 
overview of the results. Second, suggestions for future work are discussed.  
 Main Ideas, Results, and Discussion 
The motivation for this thesis was founded on valuing sustainable remediation, having an 
awareness of the diverse and complex nature of aquatic sediments, and the concern that existing 
sediment remedies were not leveraging the potential for aerobic degradation at groundwater-
surface water interfaces. A sorption study was conducted to characterize cap materials. Column 
studies were utilized to compare capping impacts on contaminant breakthrough and longevity in 
underlying sediment. Lastly, modeling was conducted to explore processes at larger time frames 
and compare the effects of modeling sorption and reaction.  
 Sorption Study  
The sorption study was completed in triplicate at BTEX concentrations over three orders of 
magnitude to determine Langmuir isotherm coefficients for benzene sorption onto AC RCM, OC 
RCM, and OBB. Although sand (0% organic carbon) and glass materials were considered in this 
thesis, their sorptive capacities were negligible. As expected, the AC RCM was the strongest 
sorbent for dissolved phase benzene. Isotherm coefficients resulting from this study were used as 
model inputs for CapSim 3.2a. 
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 NAPL Column Study  
A NAPL column study was conducted to compare the retention capacity of AC RCM + sand, OC 
RCM + sand, OBB + sand, and sand only caps. Diesel was injected into the bottom of capped 
sand columns at 5 ml per day. Water columns above the caps were monitored for diesel 
breakthrough. The uncapped control was the first column to release diesel to the overlying water. 
The sand only capped column broke through next, followed by the AC RCM + sand and OBB + 
sand capped columns.  The OC RCM + sand capped column was the last to breakthrough. These 
results were expected as the OC RCM material is designed to target NAPL. However, each cap 
broke through showing that absent degradation and in the presence of a constant source, each 
capping condition considered will fail. This highlights the importance of considering degradation 
in remediation of petroleum-impacted sediments. Depletion through degradation, rather than 
retention through sorption, could increase the longevity of cap design.  
Additionally, pictures were captured every two hours throughout the NAPL column study and 
merged to create a video of diesel transport. Instead of plug flow, fingering patterns through the 
columns were observed. This underscores the potential for premature cap failure, as the sorptive 
material is loaded primarily at these “hot spots,” possibly leaving some regions of the cap 
underutilized.  
 Sediment Column Study 
In addition to the NAPL column study, a more extensive sediment column study was conducted. 
For this experiment, tidal river sediments from an impacted field site were homogenized, spiked 
with BTEX, and loaded into a series of eight columns. Sand, glass + sand, OBB + sand, OC RCM 
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+ sand caps were placed, as well as three AC RCM + sand caps, leaving one column uncapped. 
Porewater concentrations of benzene were monitored at three depths within the sediment columns 
over four months. At the end of the four months, the columns were frozen at -20◦ C, then cut into 
one-inch thick “hockey pucks” which were quartered and preserved for analyses of total benzene 
concentration, methane saturation, porosity, and microbial DNA community.  
Benzene concentrations from porewater samples were largely inconclusive although there was a 
general trend of concentration decrease over time. Total benzene concentrations from hockey 
puck sampling indicated the caps had the largest influence within the first 10 cm of sediment as 
variations in underlying sediments were most distinct between capping conditions within the first 
10 cm beneath the cap. Benzene concentrations within deeper regions of underlying sediment 
were indistinguishable by capping condition. Of all the columns, the upper-most layer of sediment 
in the glass + sand capped column had the highest concentration of benzene suggesting that the 
glass may have hindered oxygen diffusion. Therefore, disconnecting surface water from 
underlying sediment may result in increasing contaminant longevity. Results from OBB + sand 
and OC RCM + sand capped columns are comparable and could be due to either sorption or 
biodegradation; RNA data would have been ideal for substantiating causation. Sediments from 
the AC RCM + sand capped column showed the lowest concentrations within the first 10 cm of 
sediment, which can be attributed to the sorptive capacity of activated carbon.  
Methane was detected in all columns. There was no flow through these columns, so diffusion was 
the sole mechanism for oxygen delivery. Diffusion may not have been sufficient for maintaining 
aerobic conditions, leading methanogenic processes to dominate within these columns.   
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Microbial DNA analysis was conducted on a preliminary set of samples from glass + sand capped 
sediments, uncapped sediments, and initial sediment sampling. However, no significant 
differences were observed between these samples and further investigation seemed futile and 
suggests that four months was not long enough to change the microbial community on the DNA 
level. Microbial RNA analysis is generally more effective at detecting changes in communities; 
unfortunately, these methods were not thoroughly developed at the time of sampling.  
Overall, the sediment column study was initiated with the hope of distinguishing underlying 
sediment conditions based on cap materials. Although some differences were observed between 
columns, results herein are inconclusive regarding the impact individual capping materials have 
on underlying sediments. Insignificant differences in underlying sediments were likely due to no-
flow conditions within the columns and insufficient oxygen delivery via diffusion. Tidal 
oscillations likely have a larger role in oxygen delivery than previously recognized and therefore 
may have a greater impact on contaminant longevity in sediments compared to oxygen delivery 
via diffusion alone. Further, frozen column analyses were the most informative and should be 
built upon for use in future studies. Longer experiment times are ideal for ensuring effects on 
underlying sediments are captured.  
 Modeling 
Modeling efforts were focused on understanding the capacity of CapSim 3.2a and distinguishing 
the impact of incorporating sorption and/or biodegradation reactions. Modeling was also used as 
an attempt to examine impact of capping conditions at extended lengths of time.  Simulations 
were carried out under capping conditions as established in column studies. Although results for 
all capping conditions were impacted by sorption, sorption proved most relevant in AC RCM 
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capped sediments. Additionally, sorption is most relevant over shorter times as sorption-only 
simulations resulted in lower benzene porewater concentrations than reaction-only simulations at 
four months. Degradation dominates in the long term as reaction-only simulations resulted in 
lower benzene porewater concentrations than sorption-only simulations at 25 years. Resulting 
profiles of benzene and oxygen concentrations suggested that degradation was diffusion-limited 
at a rate of 1 L/mmol-yr. Modeling results herein demonstrate the importance of prioritizing 
oxygen delivery in sustainably managing sediments.  
In navigating CapSim 3.2a and assessing the output files, it became clear that this is a powerful 
tool for modeling capped sediments. Unfortunately, time prevented analysis of more complex 
simulations.  Recommended simulations are discussed in the following section.  
 Future Work  
The sediment column studies conducted for this thesis were an introductory comparison of the 
relative impact cap materials have on contaminant longevity and underlying sediment conditions. 
Additionally, preliminary modeling efforts primarily consisted of becoming familiar with the 
features and capacities of CapSim 3.2a. This section presents recommendations for advancing the 
work of this thesis.  
 Sediment Column Studies 
Sediment column studies were focused on determining the impact cap materials have on 
contaminant longevity and underlying sediment conditions. For simplicity, column studies were 
conducted in batch. However, it became evident that non-batch column studies would be more 
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constructive in illuminated the differences between cap materials as the influence of permeability 
and retention capacities would surface. Further, sediment environments are rarely stagnant and 
instead experience surface water flow, groundwater upwelling, and/or tidal oscillations. 
Replicating these hydraulic processes in the laboratory would provide valuable insight to 
processes occurring at field sites.  
Data collection throughout this study included contaminant concentration monitoring through 
porewater sampling. During sampling events, ORP and pH measurements were attempted but gas 
bubbles within the porespace prevented accurate readings if any at all. Microelectrodes may have 
prevented this as they require smaller sample volumes for collecting measurements. Additionally, 
dissolved oxygen measurements with mircoelectrodes could have elucidated oxygen diffusion 
through cap materials. Further, monitoring microbial communities through time with aerobic 
count plates is recommended for future column studies. Aerobic count plates are useful for 
gaining insight on relative changes in microbial communities. Monitoring counts could help 
inform microbial activity over time and could highlight sediment regions for more extensive and 
costly microbial analysis.  
These column studies were concluded with frozen column analyses of total contaminant 
concentrations, methane saturations, and microbial community. The microbial communities in a 
preliminary set of samples were assessed through DNA sequencing, but the results were 
uninformative. Microbial communities could have been better assessed through RNA analyses. 
Methods for RNA analyses are underdevelopment, but are a better measure of short-term activity 
and changes in microbial communities. Observing changes in microbial communities through 
DNA analyses requires longer times than allowed for this study.  
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 Modeling with CapSim 3.2a 
Time allowed for an introduction to CapSim 3.2a, but full utilization of the model was not 
feasible. First, reaction rates for biodegradation of contaminants deserve more attention. For this 
work, a relatively arbitrary value of 1 L/mmol-yr was used for benzene biodegradation. The model 
could be calibrated by adjusting the reaction rate given the availability of sufficient laboratory 
data. Then, with a reliable reaction rate, more advanced scenarios could be simulated.  
Simulations with established cap materials were conducted under no-flow conditions and without 
bioturbation. Tidal oscillation, upwelling, and bioturbation features should be explored moving 
forward. Sensitivity to model inputs, like porosity and Langmuir isotherms, should also be well 
understood.  
More extensive, steadfast modeling was partially inhibited because publications are still pending 
for the framework behind this model. If calibration and sensitivity analyses could be avoided, use 
of the model for simulated complex capping conditions for sediments impacted with multiple 
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7. APPENDIX A 
To ensure eliminating CO2 speciation reactions did not alter results for benzene and oxygen 
concentrations, 100 cm of sediment was modeled with and without the speciation.  For the case 
with speciation, the dissociation of carbonic acid into bicarbonate and hydrogen was assumed 
instantaneous (Gutknecht et al, 1977) and the formation of carbonic acid was taken as the rate-
limiting step. The speciation was therefore simplified from 
𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝐶𝐶𝑂𝑂3 → 𝐻𝐻𝐶𝐶𝑂𝑂3− + 𝐻𝐻+ 
to solely 
𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻𝐶𝐶𝑂𝑂3− + 𝐻𝐻+ 
using the rate constant k = 3.7 x 10-3 s-1 for carbonic acid formation (Gutknecht et al, 1977). 
Further, bicarbonate concentration in the surface water was estimated using equilibrium 









= 4.47𝑥𝑥10−7  (16) 
Rearranging (15), and using [CO2] from (13),  
 [𝐻𝐻2𝐶𝐶𝑂𝑂3]𝑆𝑆𝑆𝑆 = 1.7𝑥𝑥10−3 [𝐶𝐶𝑂𝑂2]𝑆𝑆𝑆𝑆 = 2.31𝑥𝑥10−8𝑀𝑀 (17) 
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= 1.03𝑥𝑥10−7𝑀𝑀 (18) 
Multiplying the molecular weight of 𝐻𝐻𝐶𝐶𝑂𝑂3−, which is 61 g/mol (CRC Handbook), to (18) yields 
the surface water concentration of 𝐻𝐻𝐶𝐶𝑂𝑂3−, 𝐶𝐶𝐻𝐻𝐶𝐶𝐶𝐶3,𝑆𝑆𝑆𝑆− , in mg/L: 
 𝐶𝐶𝐻𝐻𝐶𝐶𝐶𝐶3,𝑆𝑆𝑆𝑆− = [𝐻𝐻𝐶𝐶𝑂𝑂3
−] 𝑥𝑥 𝑀𝑀𝑊𝑊𝐻𝐻𝐶𝐶𝐶𝐶3− = 0.0063 𝑚𝑚𝑚𝑚/𝐿𝐿 (19) 
With the results from (14) and (19), the conditions for the simulations with and without CO2 
speciation are given in Table 10 and Table 11.  
Table 10. Boundary and Initial Conditions for simulation without CO2 speciation. 















concentration 0 mg/L 30 mg/L 0 mg/L 
 
Table 11. Boundary and Initial Conditions for simulation with CO2 speciation. 


















concentration 0 mg/L 30 mg/L 0 mg/L 
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Results for benzene concentrations from the case without CO2 speciation did not differ from the 




8. APPENDIX B 
The equation for molecular diffusion D (cm2/s) from Wilke and Chang 1955 




where temperature T is 291.15 K, the dimensionless association parameter × is 2.6 (Wilke and 
Chang, 1955), molecular weight MW of solvent is 18 g/mol, viscosity of solution 𝜂𝜂 is taken as 
1.063 cP, and solute molar volume V is 25.6 cm3/g-mol for O2 and 34 cm3/g-mol for CO2. 
Carrying out (20) for O2 and CO2 yields diffusion coefficients of 1.98e-05 cm2/s and 1.67e-07 




9. APPENDIX C 
 Bulk Density of Sand and Sediment  
Frozen Column Analysis data was used to calculate bulk density ρb of sand and sediment using 
the following definition (Jury and Horton, 2004):  
  
 𝜌𝜌𝑏𝑏 =
𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 (𝑤𝑤)
𝑣𝑣𝑜𝑜𝑠𝑠𝑣𝑣𝑠𝑠𝑤𝑤 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 (𝑠𝑠𝑚𝑚)
 (21) 
 Bulk Density of Cap Materials 
Length, width, depth and mass were measured for samples of AC RCM, OC RCM, and OBB 
using a tape measure and an analytical balance (Denver Instrument, Bohemia, NY, USA). Results 
are provided in Table 12.  
Table 12. Cap material dimensions. 







Activated Carbon Reactive Core Mat 3.81 4.45 1 7.69 
OrganoClay Reactive Core Mat 3.81 4.45 1 4.67 
Oleophilic BioBarrier 3.81 4.45 1.2 4.41 
 
The product of length, width, and depth of each sample was then taken to yield the volume of 
each sample, Vs. Results are provided in Table 13. 
Table 13. Volume of cap material samples. 
Material Volume of sample (cm3) 
Activated Carbon Reactive Core Mat 16.95 
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OrganoClay Reactive Core Mat 16.95 
Oleophilic BioBarrier 20.35 
 
 Then, bulk density ρb was calculated using the definition (21). presented in Section 9.1.  Results 
are provided in Table 14.  
Table 14. Bulk density of cap materials. 
Material Bulk density ρb (g/cm3) 
Activated Carbon Reactive Core Mat 0.454 
OrganoClay Reactive Core Mat 0.275 
Oleophilic BioBarrier 0.217 
 
 Porosity of Sand and Sediment  
Porosity Φ of sand and sediment was determined by rearranging Equation 1.22 from Jury and 
Horton to yield:  




where density of solids ρs is assumed to be 2.65 g/cm3. 
 Porosity of Cap Materials 
Porosity of cap materials was determined volumetrically through measuring water displacement. 
Cap material samples of known volume Vtotal were placed into 50 mL of water. The volume of 
water displaced is equal to the volume of solids in the sample Vsolid. The difference between these 




 𝑉𝑉𝑣𝑣𝑜𝑜𝑤𝑤𝑑𝑑𝑠𝑠 = 𝑉𝑉𝑡𝑡𝑜𝑜𝑡𝑡𝑠𝑠𝑠𝑠 − 𝑉𝑉𝑠𝑠𝑜𝑜𝑠𝑠𝑤𝑤𝑑𝑑𝑠𝑠 (22) 
Then, the definition of porosity (23) can be used to determine the porosity of the cap material.  






Table 15. Values and results from volumetric porosity calculations. 
Material Vtotal (cm3) Vsolid (cm3) Vvoids (cm3)  Φ 
Activated Carbon Reactive Core Mat 10 3 7 0.7 
OrganoClay Reactive Core Mat 10 2 8 0.8 




10. APPENDIX D 














11. APPENDIX E 
Results from headspace analysis of the first and final porewater sampling events (12/11/2015 and 
3/31/2016, respectively) are profiled in Figure 33. Further, changes in concentrations between 
these two sampling events are shown in Figure 34.                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
 
Figure 33. Benzene concentration profiles with results from the first and final porewater 





Figure 34. Benzene concentration changes at the three sediment sampling ports over four months 
per headspace analysis of porewater samples. Activated Carbon Reactive Core Mat (AC RCM) + 
sand is the triplicate average. Note the following abbreviations: Oleophilic BioBarrier (OBB), 



















12. APPENDIX F 
Results from hexane extraction of porewater samples are provided in the following figures. Figure 
35 shows benzene concentrations (mg/L) at each depth under each capping condition over time 
using data from hexane extractions of porewater samples. Additionally, this data is presented for 
Ports 2, 3, and 4 under each capping condition are presented in Figure 36, Figure 37, and Figure 









Figure 36. Benzene concentrations in Port 2 through time for all capping conditions per hexane 
extraction data. Activated Carbon Reactive Core Mat (AC RCM) + sand is the triplicate 
average. Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive 





Figure 37. Benzene concentrations in Port 3 through time for all capping conditions per hexane 
extraction data. Activated Carbon Reactive Core Mat (AC RCM) + sand is the triplicate 
average. Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive 




Figure 38. Benzene concentrations in Port 4 through time for all capping conditions per hexane 
extraction data. Activated Carbon Reactive Core Mat (AC RCM) + sand is the triplicate 
average. Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive 
Core Mat (OC RCM), Activated Carbon Reactive Core Mat (AC RCM). 
Additionally, benzene concentration changes over the three month period between the first hexane 
extractions to the final hexane extractions are given for each port under each capping condition 




Figure 39. Benzene concentration changes at the three sediment ports over 3 months per hexane 
extraction data. Activated Carbon Reactive Core Mat (AC RCM) + sand is the triplicate 
average. Note the following abbreviations: Oleophilic BioBarrier (OBB), Organoclay Reactive 














13. APPENDIX G 
This section contains DNA sequencing results for sediment samples from the glass + sand capped 
column, the uncapped column, as well as the initial sediment sampled prior to column loading.  
 













































14. APPENDIX H 
 
















Figure 54. Activated Carbon Reactive Core Mat Product Sheet. 
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15. APPENDIX I 
 
 
Figure 55.  Example calibration curve for headspace analyses of porewater samples. 
 




























































Figure 57. Example calibration curve for methanol extraction analyses of frozen sediment 
samples. 
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